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Abstract 
Microbial fuel cell (MFC) technology allows biologically treating wastewater 
while simultaneously accomplishing power generation directly in the form of 
electricity.  
 In this study, we disclose a laboratory-scale microbial fuel cell of around 3 L 
that makes use of a Membrane Electrode Assembly to treat wastewater and generate 
electricity from domestic wastewater. Three upgraded versions in terms of design 
(current collectors, hydrophilic separator nature) and operating conditions (hydraulic 
retention time, external resistance) were conducted. Recirculation of the effluent and 
of acidic solutions at the cathode was also studied. 
We were able to raise the power generated by the MEA-MFC from 1.1 mW to 
2.85 mW and finally 5.7 mW in the latest version featuring an acidified cathode at 
pH=2. The rise of power shows the importance of factors such as the choice of an 
adequate separator in MEA systems. Besides controlled cathodic acidification 
improves greatly the power supply of our MEA-MFC featuring a proton selective 
separator.  
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“Life begets life. Energy creates energy. It is by spending oneself that one becomes 
rich.” 
Sarah Bernhardt 
French actress (1844 - 1923) 
Chapter 1 : Introduction 
1.1 Energy transition  
We have entered an era of energy transition. Powered by both demographic 
and economic growth the global energy demand should double by the middle of the 
century. However, fossil energy resources are not infinite. Even if technological 
advances have extended their capacity and will continue to do so, an era of limited 
energy resources has to be expected. Alternatives have to be found to provide 
renewable ones and to reduce the overall energy consumption. Besides this quest of 
new energy sources cannot be made without considering the issue of climate change 
resulting from greenhouse gas emissions. Carbon neutral renewable energy sources are 
of prime interest.  
1.2 Wastewater energy recovery 
Society demands increasingly intensive treatment to remove nutrients and 
chemicals from the wastewater produced by households and industries before it is 
discharged or reused. Low strength wastewater, particularly domestic one, is generally 
treated in a biological way using aerobic process, such as the activated sludge process, 
involving aerobic bacteria. This is highly energy consuming due to high aeration 
requirement and excess sludge handling and disposal. Because of that, wastewater 
treatment plants are heavy users of energy. In the United States of America, the 
wastewater treatment industry nowadays consumes about 1.5 percent of the total 
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national electricity consumption (Logan 2008). Providing the population of the world 
with adequate sanitation can be seen as an important development challenge for the 
next century. Trying to do it using our current technologies would dramatically boost 
the global energy consumption. But energy use is coming under increasing scrutiny 
and this could be a large obstacle for sanitation programs. Nevertheless, the financial 
and environmental costs of energy generation have been driving new interest for 
energy savings and development of new energy sources. The recovery of energy from 
the wastewater can be one of those and it could allow sanitation programs to maintain 
their development. For these reasons, sustainable wastewater treatment, with a reduced 
carbon footprint, is now becoming a goal of technical exploration and 
experimentation. Wastewater is not anymore considered as a waste to dispose but as a 
source of energy that could be harvested. Sewage contains usually 10 times the energy 
needed to treat it, and it is technically feasible to recover part of it. As renewable 
energy, it can be directly used in wastewater treatment, reducing the facility’s 
dependency on conventional electricity. Hence, the development of technologies 
allowing harvesting of energy from wastewater is of prime interest. 
1.3 Microbial Fuel Cells 
A microbial fuel cell (MFC) is an anaerobic process whereby bacteria grow in 
the absence of oxygen in a chamber containing an anode and form a biofilm that 
covers it. To generate electricity, bacteria in that chamber degrade organic matter (the 
fuel) and transfer the electrons to the anode. Then these electrons pass through an 
external circuit producing a current. Protons, produced at the anode to maintain a 
charge balance, migrate through the solution to a cathode where they combine under 
the influence of a catalyst (generally a noble metal, such as platinum) with oxygen and 
the electrons produced at the anode to form water. Hence, the cathode is generally 
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maintained under aerobic conditions, which can be done using a two-chambered MFC, 
whereby the anode chamber is anaerobic and the cathode chamber is aerobic, or a 
single-chambered MFC in which both electrodes are placed in an anaerobic chamber, 
with one face of the cathode exposed to the air (Lovley 2008). 
 The potential difference between the respiratory enzyme and oxygen results in 
electricity generation. A proton exchange membrane (PEM), aiming at facilitating the 
transfer of protons, usually separates the anode from the cathode, but has been proved 
to be optional as protons can be conducted directly through water (Liu and Logan 
2004). 
Biofuel cells including MFC are still considered an emerging technology at the 
present time and may have a whole array of exciting applications in the future. Those 
include biosensors (Kim, Chang et al. 2003; Chang, Jang et al. 2004; Moon, Chang et 
al. 2004), gastrobots (Wilkinson 2000; Kelly 2003), or even power source for medical 
devices implanted in the human body (Melhuish, Ieropoulos et al. 2006; 
Kerzenmacher, Ducree et al. 2008). Among these, the Benthic Unattended Generator 
(BUG) can be considered as the first practical implementation of MFC to power 
oceanographic instruments, such as a meteorological buoy, using the organic matter in 
aquatic sediments (Tender, Reimers et al. 2002; Tender, Gray et al. 2008).  
1.4 Microbial Fuel Cells for wastewater treatment and energy recovery 
Nevertheless, most of the research effort so far has been focused towards 
wastewater treatment and bioenergy recovery and this is also in that view that MFCs 
are considered in this dissertation. The popularity of the MFC technology has risen 
during the last few years because there is a hope that they will allow harvesting the 
energy stored in wastewater directly in the form of electricity. This places it in 
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competition with anaerobic digestion (AD) as a more sustainable and environment-
friendly alternative to conventional activated sludge (CAS).  
 
Table 1.1 Comparison between activated sludge (AS), anaerobic digestion (AD) 
and microbial fuel cell (MFC) for wastewater treatment 
 Treatment efficiency Applied load Sludge production 
Energy 
balance 













In Table 1.1, we compare MFC with conventional aerobic and anaerobic 
wastewater treatment technologies. MFC can be highly efficient as a biological 
treatment system at low to moderate loading rates, achieving high COD removal, 
depending on the substrate. However at higher loads, performance decreases quickly 
(Rabaey, Lissens et al. 2003). This makes MFCs more competitive over CAS than 
over AD, the latter being operated at much higher loading rates. Another important 
aspect concerns the energy balance, for which, once again, MFC appears to be 
intermediate between aerobic and anaerobic treatments. Unlike AD, an MFC at present 
consumes more energy for its operation than what can be harvested, even though the 
balance may be reversed with a future breakthrough. However, MFC has several 
advantages over CAS such as the possibility to use gaseous oxygen from the 
atmosphere using an air-cathode, which can potentially greatly reduce operation costs 
in an MFC wastewater treatment plant. Furthermore, oxygen limitation results only in 
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reduced fuel consumption in MFC, while this can cause system failure (bulking) in 
CAS. Lastly, the fact that part of the energy bound to wastewater is diverted into 
electricity in an MFC results in reduced sludge accumulation as compared to CAS. 
As a consequence, it appears that the MFC technology could reasonably be 
seen at the moment as an alternative to CAS - avoiding the cost of aeration if an air-
cathode is used and generating less sludge to be disposed - when conventional AD is 
not viable, which is typically the case for low strength wastewater treatment, such as 
domestic wastewater. Other application niches of MFCs include isolated areas and 
small sources of wastewater because, unlike conventional AD, which is a two-step 
process, MFC allows direct harvesting of electricity (all-in-one process). This is an 
enormous advantage because biogas is potentially explosive and has to be stored, 
which causes logistics issues. Another drawback of AD is that biogas combustion and 
conversion into electricity is a process with a low thermodynamic yield whereby more 
than 60 % of the energy contained in the biogas is typically wasted (Rittmann 2008). 
Given that, MFC technology for waste water treatment seems to have a promising 
future. 
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Chapter 2 : Literature Review 
2.1 Principle of a Microbial Fuel Cell 
Like conventional fuel cells, microbial ones consist of an anode, a cathode, a 
proton or cation exchange membrane and an electrical circuit. Their fundamental 
difference is that bacteria present at the anode (usually as a biofilm covering it) reduce 
an organic substrate such as glucose, acetate or wastewater into CO2, protons and 
electrons.  
Under aerobic conditions, bacteria use oxygen (O2) as a final electron acceptor 
to produce water. However, anodic compartments of MFCs are kept anaerobic so that 
as no oxygen is present, bacteria need to switch from their natural electron acceptor to 
an alternative one. Certain bacteria can transfer electrons to an insoluble electron 
acceptor, such as the MFC anode. They allow us using MFCs to collect the electrons 
originating from their metabolism.  
The electron transfer outside of the bacteria is a complex phenomenon yet to be 
well understood. It can occur either via membrane-associated components, soluble 
electron shuttles or nano-wires (Logan and Regan 2006). Once they reach the 
conductive surface of the anode, th electrons then flow first through an external 
electrical circuit and finally reach the cathode where they combine with protons and 




The potential difference between the anode and the cathode, together wi
flow of electrons, results in the generation of electrical power. Meanwhile, the protons 
flow through the proton or cation exchange membrane 
an electron acceptor is chemically reduced. Most frequently o
water and CO2. Unfortunately, this reaction is not kinetically 
catalyzed. In order to obtain a sufficient oxygen reduction reaction rate a precious 
metal-catalyst such as platinum
2.1 Principle of a single chambered MFC
to the cathode. At the 
xygen is reduce
favorable 











source producing its electromotive force E
representing its internal resistance R
cell voltage Ecell (V) and electrical current I (A) flowing through an external circuit 
whose resistance can be defined as R
2.2.1 Voltages 
2.2.1.1 Theoretical voltage
The theoretical voltage of an MFC (
(









where values of E0 are calculated with respect to that of hydrogen H
under standard conditions of temperature (273 K) and pressure (10
consequence, 
  directly depends upon the 
anode on the one hand and at the cathode on the other hand. 
For real wastewater it is complex to evaluate all the reactions that are 
susceptible to take place at an MFC anode and at this point it will be easier to consid
 Microbial Fuel Cells 
 Figure 2.2, a fuel cell can be modeled by an ideal voltage 
emf (V) in series with an ideal resistor 
int (Ω). These two parameters will in turn affect the 
ext (Ω). 
 
Figure 2.2 Model a fuel cell 
 

 ) is the difference between the anode 

 ) or  






 0 V) 
1.3 KPa). As a 
er 
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+  4HO → 2HCO +  9H" +  8e  (2.2) 
 
If oxygen is reduced at the cathode as in: 
 
O +  4H" +  4e  →  2HO  (2.3) 
 
then in standard conditions,   = 0.187 V and   = 1.229 V and, according 
to  =  −   (2.1),   = 1.042 V (Logan, Hamelers et al. 2006) 
This theoretical voltage must then be adjusted to an equilibrium value under 
the actual conditions of temperature, pressure and concentrations of reactants and 
products. Hence the thermodynamic voltage (	
, V) can be determined by the 
Nernst equation : 
 
	
 =   −  %& '( ( *)  (2.4) 
 
where R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute 
temperature (K), n is the number of electrons transferred in the reaction 
(dimensionless), F is the Faraday’s constant (96,485 C mol−1), and Qr is the reaction 
quotient, based upon the concentrations of reactants and products (dimensionless).  
The theoretical anode potential for an acetate fed anode can be further written 
as: 
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 =   −  %,& '( ( [./.00
1]
[.0/1] [3]4)  (2.5) 
 
Similarly, the theoretical oxygen cathode potential can be written as: 
 
 =   −  %5& '( ( 670[3]8)  (2.6) 
 
In typical MFC conditions (T = 293K, pH = 7, [CH3COO-] = [HCO3-] = 5 mM, 
pO2 = 0.2 bar), those potentials can be calculated: 
 Ean = -0.296 V  
Ecat = 0.805 V  
which gives us Ethermo = 1.101 V, representing the maximum theoretical voltage 
of the cell. (Logan, Hamelers et al. 2006) 
2.2.1.2 Open Circuit Voltage 
However, the measured open circuit voltage (OCV) is significantly lower than 
Ethermo, which shows that there are losses in an MFC even when no external current is 
applied. Those have been collectively called parasitic losses by (Rismani-Yazdi, 
Carver et al. 2008). 
In a chemical PEM hydrogen fuel cell, the OCV can approach 1 V but in 
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Table 2.1 State of the art in microbial fuel cell design research 

















area ratio of 1/14) 
Acetate 0.8 56 - 931 
Fan, 
Sharbrough 




Acetate 0.8 73 60 82 
Logan, 















Air cathode, cloth 
electrode assembly 
Acetate - 1010 20-70 
881-
3.92 
Fan, Hu et 
al. (2007) 
1 As determined by the slope of the polarization curve 2 As determined by EIS 
Considering Ecat = 0.805 V, this corresponds to an actual value of Ean ≈ 0V, 
which is the redox potential of the outer membrane cytochrome complex under 
standard conditions corrected to pH 7 (Chaudhuri, Mehta et al. 2004). It has already 
been suggested that this cytochrome complex is involved in electron transfer in the 
cytoplasmic membrane of Geobacter sulfurreducens (Lovley 2008). Lovley also 
proposed that the cytoplasmic membrane is linked to charge transfer phenomena 
whereas the outer membrane is only used for electron disposal. In other words, the 
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difference between Ethermo and the OCV results from energy conservation phenomena 
at the microbial level.  
From a thermodynamic point of view, the voltage (E, V) created by a given 
redox reaction is connected to its Gibbs free energy (G, J) following  =  − ∆:&.  
Ultimately, the loss of voltage between Ethermo and the OCV (≈ 0.3 V) is linked to 
bacterial growth. It can hence be expected that approximately 73 % of the Gibbs free 
energy generated by the overall reaction can be recovered into electricity, the 
remaining 27 % being diverted into sludge production. This is in accordance with 
practical applications of MFCs resulting in low sludge generation in MFCs in the order 
of 0.16 g-VSS per g-COD of wastewater degraded (Logan 2008). In comparison, CAS 
where most of the energy is directed towards biomass production typically results in 
sludge generation of 0.4 – 0.8 g-VSS per g-COD (Tchobanoglous, Burton et al. 2003). 
A direct consequence is that OCV values of 0.8 V are already nearly optimal and there 
is little possibility to further increase the OCV of an MFC except via bioengineered 
biomass. 
2.2.1.3 Electromotive force 
When the circuit is closed, the current starts flowing and, due to polarization, 
the anode potential increases and the cathode potential decreases, i.e. the potentials of 
both electrodes move closer to one another and the cell voltage decreases due to 
unavoidable losses also known as overpotential. 
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Figure 2.3 Polarization curve, power curve and their characteristic zones 
 
These losses can be defined as activation polarization, ohmic losses and 
concentration polarization. Activation polarization losses are directly associated with 
slow electrode kinetics and are predominant at low current densities. At high current 
densities, reactants become rapidly consumed at the electrodes, resulting in 
concentration gradients and transfer limitations, a phenomenon known as 
concentration polarization.  
At intermediate current densities, ohmic losses that reflect the cell internal 
resistance are dominant. This intermediate zone corresponds to the “working zone” of 
the MFC and is of prime importance in terms of MFC characterization. In this zone, 
the cell polarization is a linear function: 
 
Ecell = Eemf – Rint Icell  (2.7) 
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where Eemf (V) is the electromotive force of the fuel cell.  
Consequently, the y-intercept of this function represents the electromotive 
force of the battery. The electromotive force can be defined as the ideal voltage source 
that drives the fuel cell in its ohmic section and roughly corresponds to the OCV 
minored by the activation losses. In other words, when activation losses are 
minimized, Eemf should approach the value of the measured OCV.  
2.2.2 Internal resistance.  
2.2.2.1 Resistance 
The electrical resistance of an object is a measure of its opposition to the 
passage of a steady electric current. For a uniform material of electrical resistivity ρ (Ω 
m) surface S (m2) and distance L (m) it is given by the following equation: 
 
; =  < =>  (2.8) 
 
Typical values of the electrical resistivity ρ for common materials at 20°C 
range from 1.59×10-8 Ω m for silver to 7.5×1017 Ω m for quartz and even more for 
engineered materials like polytetrafluoroethylene (PTFE).  
A Fuel Cell is not meant to have an electric current passing through it but to 
produce one. Its electrical resistance is not defined. Nevertheless internal resistance is 
a concept that helps to model the electrical consequences of the processes happening 
inside it. 
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2.2.2.2 Internal Resistance of an MFC 
When a cell delivers a current, the measured voltage output is lower than when 
there is no current delivered. This is because when electrons flow, they have to face 
the resistivity of the materials composing the fuel cell. The internal resistance of an 
MFC can be distributed into anodic resistance, cathodic resistance, and electrolyte 
(including the membrane if present) resistance (Fan, Sharbrough et al. 2008). In an 
MFC system, where electrochemical reactions are under proton diffusion control we 
will see that the electrolyte resistance can be assimilated to the Warburg impedance 
(Muralidharan 1997; Hoboken 2005). 
Since it requires a current to be observed, the internal resistance of a battery 
cannot be measured using a conventional ohmmeter. Other ways have to be used to 
determine it. According to Ecell = Eemf – Rint Icell  (2.7), the slope of the 
linear section of the polarization curve represents the internal resistance of an MFC. 
From the power curve on Figure 2.3 it can be seen that an MFC generates its 
maximum power (Pmax, W) when Rint = Rext, where Rint can be determined as : 
 
;? = @ABC@BDEFBDE    (2.9) 
 
where Emax (V) and Imax (A) are the cell voltage and current that give the 
maximum power. 
At the same time, following Ohm’s law 
 
;G =  @BDEFBDE   (2.10) 
 
Hence, when Rint = Rext,  
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	G =  @ABC  (2.11) 
 
;H(I=@ABC@BDEFBDE   (2.9) is the most reliable way to determine the internal 
resistance of an MFC.  
Other methods commonly used include electrochemical impedance 
spectroscopy (EIS) and current interrupt method. However, there have been rising 
doubts lately regarding the opportunity of these methods when applied to MFCs. First 
of all, measuring an EIS spectrum can take up to several hours (Bard and Faulkner 
2001). The system being measured must be at a steady state throughout this time. In a 
microbial system, the steady state can be difficult to achieve and the system may drift 
during the analysis, resulting in inaccurate results. Another drawback in EIS is linked 
to the Warburg impedance. During an EIS measurement, the MFC system is scanned 
by a sinusoidal signal across a broad frequency spectrum. When the frequency of the 
signal increases, the direction of the charged particles changes more often and the 
distance that they travel decreases. This results in reduced Warburg impedance at high 
frequencies. However, in MFC systems that operate in DC mode, the Warburg 
impedance can be very high. As a result, EIS often leads to underestimated values of 
the Warburg impedance and therefore of Rint in MFCs. This is particularly obvious in 
the study of Ieropoulos et al (Ieropoulos, Greenman et al. 2008) who found a value of 
Rint of 12 Ω by EIS that was more than 100 times smaller than that given by the 
polarization curve (1300 Ω). More examples of Rint values underestimated by EIS 
measurements are given in Table 2.1. This is another strong indication that proton 
diffusion, which is reflected by the Warburg impedance, contributes largely to MFC 
internal resistance. 
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2.3 Microbial Fuel Cells systems 
2.3.1 Substrate 
The substrate used to operate a waste water treatment reactor is an essential 
parameter. In a MFC as it becomes the fuel of the fuel cell it is even more important 
than in conventional ones. MFCs have been operated using a wide variety of 
substrates. From synthetic wastewater made of glucose, acetate, butyrate (Liu, Cheng 
et al. 2005), cysteine (Logan, Murano et al. 2005), proteins (Heilmann and Logan 
2006), lignocellulose (Rismani-Yazdi, Christy et al. 2005), as well as complex 
substrates such as domestic wastewater (Cheng, Liu et al. 2006). 
As we can see from the state of the art Table 2.1 the best performance from the 
electrical point of view as well as from the wastewater treatment one are obtained with 
artificial substrates. However, as MFC is described as a potential concurrent to 
activated sludge processes it makes sense to try to optimize them fed with domestic 
wastewater. This is a step further towards use of MFC as a waste water treatment 
system. 
2.3.2 Anode 
The double role of the anode is first to accept the electrons given by the 
bacteria and then to convey them to the external circuit. The first point implies that it 
has to be suitable for bacterial growth and especially biofilm attachment. Next the 
electrons extracted by the bacteria have to be accepted by the anode. Though oxygen is 
supposed to be absent of the anaerobic anodic chamber, the anode may have to 
compete with other electron acceptors such as sulfate or iron. In order to be the 
preferred electron acceptor, it should be available with a higher potential than the 
others. Given that, the energetic gain will be higher for bacteria that can deliver the 
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electrons to the anode (Logan and Regan 2006). Then, once accepted the electrons 
have to be transported which implies that the anode has to be a good electric 
conductor.  
Finally due to its low potential, the anode is particularly subject to corrosion. 
This could damage its structure and moreover change the value of its potential due to 
the oxidation-reduction reaction happening in the corrosion process. 
Considering those points the requirements for anode material are: high 
electrical conductivity, non-corrosivity, high specific surface area or porosity to 
maximize biomass attachment. Besides it should be cheap and stable in microbial 
culture. 
Many materials have been used for anode in MFCs : carbon paper, cloth, 
granules and even reticulated vitreous carbon (Logan et al 2006). All these materials 
have high conductivity and are suitable for microbial colonization.  
Besides anodic materials have to be compatible with bacterial growth. For 
example, even if copper could be used as a cheap resistant and performing current 
collector it cannot be considered as Cu ions are toxic to bacteria (Kim, Park et al. 
2006). 
Finally, modifications of anodic material have been tried such as addition of 
metal or metal oxides (Park and Zeikus 2003) or of conductive polymers (Schroder, 
Niessen et al. 2003). Treatment of carbon cloth with ammonia gas was also considered 
to increase the surface of the electrode (Cheng and Logan 2007). These studies have 
helped to enhance MFC power generation. Though it appears very important to pay 
attention to the stability of the modified electrodes (Niessen, Schroder et al. 2004) and 
in the end simple carbon cloth turns to be a good compromise. 
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2.3.3 Cathode 
After their journey through the external circuit, the electrons reach the cathode. 
There an electron acceptor has to be present. There are two general options for a 
cathode, either a chamber filled with some form of dissolved electron acceptor or a 
cathode that is exposed directly to oxygen.  
As the anode, the cathode has to have a good electric conductivity. The 
similarities end here. Protected by its potential it is less subject to corrosion. Then in 
the case of air cathodes, there is no need that the conditions guarantee bacterial 
growth. But the major difference is on kinetics. Around neutral pH, oxygen reduction 
reaction has very poor kinetics when plain carbon is used as the electrode (Kim, Chang 
et al. 2007). Due to that a precious metal catalyst such as platinum is usually used at 
the cathode to increase the rate of oxygen reduction. Even with that help, it is still the 
rate-limiting step in most MFCs (Zhao, Harnisch et al. 2006) 
In order to improve the cathodic reaction, some have intended changing the 
relative size of the cathode. This has significant impact on the current or power 
produced but not much on their densities (Fan, Sharbrough et al. 2008) 
Furthermore, brushing on the outer face of an air-cathode one or more layers of 
PTFE acting as a gas diffusion layer to facilitate the contact between O2 and the Pt 
catalyst was also found to increase the cathode performance(Cheng, Liu et al. 2006). 
Alternative cheap catalysts have also been researched to replace platinum. 
Studies have been published on a pyrolyzed FeIII phthalocyanine (Rosenbaum, 
Schroder et al. 2006), and cobalt tetramethoxyphenylporphyrin (CoTMPP) (Zhao, 
Harnisch et al. 2005). Further research on replacing the Pt catalyst with CoTMPP, 
produced slightly improved performance above 0.6 mA/cm2, but reduced performance 
at lower current densities (Cheng, Liu et al. 2006). Research so far shows that Cobalt 
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can be a potential replacement to platinum with little reduction in performance, 
although the lifetime of such materials is not well studied.  
Another possibility is the use of biocathodes that use bacterial metabolism to 
accept electrons from the cathode (He, Wagner et al. 2006). Biocathodes may be 
advantageous over abiotic cathodes for several reasons. First, the cost of construction 
and operation of MFCs may be lowered. Thanks to the microorganisms that can 
function as catalysts to assist the electron transfer, metal catalysts could be made 
superfluous in biocathodes MFCs. In addition, under some special conditions, 
microorganisms, such as algae, can produce oxygen through photosynthetic reactions, 
omitting the cost for an external oxygen supply. Then, the microbial metabolism in 
biocathodes may be utilized to produce useful products or remove unwanted 
compounds. For example, the microbial reduction of Fe(III) and Mn(IV), which can 
function as terminal electron acceptors in the cathode, is an alternative method to 
extract those metals from minerals (He, Wagner et al. 2006).  
On the edge of the biocathode technology, recirculating the anolyte into the 
catholyte can be another option considered to improve the cathodic performance. 
Recently, publications have presented the advantages of this method (Freguia, Rabaey 
et al. 2008; Rozendal, Hamelers et al. 2008; Clauwaert, Mulenga et al. 2009). From 
the point of view of electrochemistry, this helps counterbalancing pH variations in 
two-chambered MFCs, in which otherwise cathode alkalinization and anode 
acidification with time are observed (Rozendal, Hamelers et al. 2006). Furthermore, 
protons can be transported this way directly by the anolyte to the cathode of the MFC. 
2.3.4 Designs 
Since the first steps of the Microbial Fuel Cells technology, a great variety of 
design have been developed. The primitive type was a two chamber MFC built in an 
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“H” shape. The chambers were generally made of two bottles connected by a tube 
containing a Proton Exchange Membrane or a salt bridge (Bond, Holmes et al. 2002). 
Those systems had bad electrical performances. A double discovery gave a boost to 
the technology. 
In 2003 it was found was oxygen could be directly brought from ambient air 
(Park and Zeikus 2003) this gave birth to the air-cathodes systems. The possibility to 
have passive aeration improved the energy balance of the cells and made it a more 
serious competitor to other treatment technologies. Besides this allowed to simplify 
MFC design by giving the opportunity to have only one chamber. The oxidation 
reaction occurs now at the surface of the air cathode and not anymore in a dedicated 
chamber. 
Just after that breakthrough it was discovered that protons could be brought 
directly by the water to the cathode without proton exchange membrane (Liu and 
Logan 2004). Again this allowed design simplifications and furthermore great cost 
reduction opportunities as proton exchange membranes are relatively expensive 
(Rozendal, Hamelers et al. 2008). 
Then it was found that decreasing the distance between the anode and cathode 
resulted in an increase in power generation due to a drop in internal resistance (Liu, 
Cheng et al. 2005). This was the final step towards the Membrane Electrode Assembly 
technology that is showcased in this report. The best way to reduce the distance 
between the electrodes is simply to stick them together. Though in order to prevent 
internal short-circuiting, a separator has to be used. This called the return of 
membranes in MFC technology. 
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2.3.5 Separators 
The choice of the separator is of prime importance. It has to allow protons to 
pass between the chambers but prevent the substrate to reach the cathode and the 
electron acceptor to reach the anode. It is tempting to use PEM developed by the 
PEM-Fuel Cells technology, nevertheless they are costly and can represent around 
40% of the total cost of an MFC (Rozendal, Hamelers et al. 2008). If this can be 
afforded by a capital intensive technology such as hydrogen PEM-Fuel Cells (Barbir 
2005) that is not the case for applications to wastewater treatment. Besides drawbacks 
of Nafion have been explained (Pham, Jang et al. 2005; Rozendal, Hamelers et al. 
2006). Other cations such as Na+,K+ penetrate Nafion at similar efficiencies than H+. 
In wastewater at neutral pH the concentration of these species can be 105 times higher 
than protons’ one. This results in accumulation of cations in the cathodic chamber 
which causes an increase of pH and lowers the overall performance (Gil, Chang et al. 
2003).  
Recent studies have tackled the optimization of separators (Kim, Cheng et al. 
2007). Cation exchange membranes and anion exchange membranes were compared 
showing that negative ion transfer is possible and can even be favorable under certain 
conditions. Simple J cloth and different ultrafiltration membranes were also considered 
as separators (Fan, Hu et al. 2007; Kim, Cheng et al. 2007). They showed some 
potential but the perfect candidate for MEA-MFC separator has still to be found. 
Considering that, there is a big incentive to try new kind of separators for MFC meant 
for energy recovery and wastewater treatment, three of them being tested in our study. 
2.4 Microbial Fuel Cell Modeling 
During the last decade a great range of experimental studies have been 
conducted on MFC. From the microbiological aspects of the bacteria involved in the 
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process to the material science or engineering issues, progress has led to a better 
understanding of the mechanisms and has increased the efficiency of MFCs. 
Mathematical modeling can be a powerful tool to use information gathered from 
several disciplines and is a good complement to experimental studies. Though except 
one attempt almost fifteen years ago (Zhang and Halme 1995) ,no modeling had been 
conducted on MFC until the last two years. (Picioreanu, Head et al. 2007) (Marcus, 
Torres et al. 2007). 
In order to optimize the scaling up of our MFC, we developped a model which 
could lead to optimal values of the geometrical parameters of our reactor. Zhang 
considered a batch reactor using mediators which is quite far from our concerns. Then 
Picioreanu studied the case of a Geobacter pure culture fed with a synthetic 
wastewater (acetate) and also using mediators. His model focused on the behavior of 
both suspended and attached cells but had the main disadvantage to set the anode 
potential fixed for simulation. Marcus’ one was based on the conductivity of the 
biofilm. This model allows simulation of the process happening in the anodic 
compartment. Considering that it was applied to our reactor. This model is mono-
dimensional (Marcus, Torres et al. 2007) hence was reworked on its 3D extension 
which was mandatory for us as we wanted to use it to optimize the geometrical 
parameters of our MFC design. 
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Chapter 3 : Theoretical developments 
3.1 Modeling of our Microbial Fuel Cells 
3.1.1 Description of a model describing the biofilm-anode behavior 
 
The design we are working on is a cylindrical single chamber one as described later in 
chapter 4. Figure 3.1 gives a schematic view of our cylindrical design. Due to 
invariance by rotation around JKLLLLM we can simplify the study by looking at the 2D-
section parallel to this axis. Thanks to that the rest of the study will be made using 
cylindrical coordinates. 
 





Figure 3.1 Schematic view of our cylindrical MEA-MFC 
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Nomenclature 
This nomenclature has been separated from the global one in order to keep its size 
reasonable and to facilitate its access during the description of the model. If the unit is 
not mentioned then the value is dimensionless. 
S@T concentration of the Electron Donor, mol.L-1 
S@T,? concentration of ED in the inlet, mol.L-1 
V@T,@ diffusion coefficient of the ED in the effluent, m2.s-1 
V@T,W diffusion coefficient of the ED in the biofilm, m2.s-1 
XM speed of the effluent, m.s-1 
 Y@T rate of the ED oxidation, mol.L-1s-1 
 YZ rate of endogenous respiration, mol.L-1s-1 
 Y? rate of biomass inactivation, mol.L-1s-1 
 Y[ rate of biofilm detachment, m.s-1 
 \@] (@T) half-saturation coefficient for the Electron Acceptor ( Electron Donor ) 
<W density of biomass, kg.L-1 
^W molar mass of biomass, kg.L-1 
_] (W,.) radius of the anode (biofilm, cathode) cylinder, m 
M` local current density, A.m-3  
a local potential, defined as @] − bcd , V 
e Faraday’s constant, 96 480 C.mol-1  
f@T electron equivalence of ED 
fW electron equivalence of active biomass 
g@T fraction of e- extracted from the ED  
gZ fraction of e- extracted from the endogenous respiration  
a] anode potential, V 
(W/@LLLLLLLLLM normal vector to the Biofilm/Effluent interface 
i volumetric fraction of active biomass 
i volumetric fraction of inactive biomass 
jW (W) active (inactive) biomass growth rate, mol.s-1 
XWLLLLM(_, k) speed of the biofilm at (_, k), m.s-1 
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; ideal gases constant : 8.314 J.K-1.mol-1 
l temperature, K 
;%radius of the reactor, m 
m% length of the reactor, m 
n yield of the biomass growth 
3.1.1.1 Mass balance of the Electron Donor 
Assumptions 
Only one generic Electron Donor which is degraded by one generic species of bacteria 
is considered. Even if the real effluent contents many different electron donors that are 
then degraded by many species of bacteria, this assumption allows us not to include 
considerations of microbial ecology on an already complicated problem. It will be 
though necessary to determine an average degradation rate of an average substrate. 
We also assume the uniformity of the diffusion coefficients of the electron donor 
V@T,@ in the effluent and V@T,W in the biofilm. 
Then we consider the speed of the effluent XM to be uniform and parallel to the axis of 
the reactor. We also assume it is low enough to drop fluid dynamics effect. 
Equations 
Given these assumptions, we can get conventional mass balances. In the effluent 
where diffusion and advection happen (but no degradation of the substrate) we have : 
 
o>cp
o = V@T,@  ∆S@T − qHX XM S@T (3.1) 
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The advective term can be simplified as the fluid is incompressible (and so qHX XM = 0) 
to get the following mass balance in the effluent : 
 
o>cp
o = V@T,@  ∆S@T − XM. s_tqLLLLLLLLLLM S@T (3.2) 
 
So as XM = X. uLMv 
 
o>cp
o = V@T,@  ∆S@T − X o>cpov    (3.3) 
 
In the Biofilm, where diffusion and degradation of the substrate happen (but no 
advection), we have : 
 
o>cp
o = V@T,W ∆S@T −  Y@T      (3.4) 
 
Limit conditions  
The limit conditions that can be added to these equations are : 
- the initial concentration of electron donor in the effluent 
 
 S@Tvw = S@T,?     (3.5) 
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o wd = 0    (3.6) 
 
- the continuity of concentration at the Biofilm/Effluent interface : 
 
 lim→{1 S@T = lim→{3 S@T (3.7) 
 
- the continuity of flux at the Biofilm/Effluent interface :  
 








 lim→{1 V@T,W o>cpov = lim→{3 V@T,@ o>cpov  (3.10) 
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3.1.1.2 Electron balance in the Biofilm 
Assumptions 
The conductivity of the biofilm σ is assumed to be uniform. 
Equation 
The biofilm is conductive. A local electron balance links the variation of the current 
density M` to the amount of electrons produced by the oxidation of the electron donor 
and the self oxidation of biomass (endogenous respiration). The steady state electron 
balance in the biofilm is:  
 
0 = qHX M` +  e f@T Y@T g@T + e fW YZ gZ (3.11) 
 
Then using Ohm’s law which gives M` = −| s_tqLLLLLLLLLLM a  we obtain the equation ruling the 
potential variations : 
 
0 = | ∆a − e f@T Y@T g@T − e fW YZ gZ    (3.12) 
 
Limits conditions 
The anode is supposed to be a good conductor and so the potential can be assumed 
uniform on it so a  wd = a] and 
 
o}
ovwd = 0    (3.13) 
Theoretical developments Page 30 
Then the effluent is not conductive so there is no current going through the 
Biofilm/Effluent interface so 
 
 s_tq LLLLLLLLLLLMa. (W/@LLLLLLLLLM = 0 .  (3.14) 
 
 The Biofilm/Effluent interface has for equation _ = _W(k) so (W/@LLLLLLLLLM = uLLLLM − [{[v uvLLLLM 







ovw{(v)    (3.15) 
 
3.1.1.3 Biomass mass balance 
Assumptions 
We divide the biomass in two categories. The active one degrades the electron donor, 
the inactive does not. We define volume fraction for these two categories i and i.  
Finally we assume that active and inactive biomasses have same molar mass ^W and 
density <W. 
Equations 
Then we conduct mass balances for these active and inactive biomasses. Accumulation 
plus advection are equal to the growth rates. 
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oW
o + qHX XWLLLLMi = ~{{ jW (3.16) 
 
oW
o + qHX XWLLLLM i = ~{{ jW (3.17) 
 
 
From these two equations we are going to derive the ones for i and _W. First by adding 
them, as we have i + i = 1 we get qHX XMW = ~{{ jW + jW. This last equation leads 
to a problem1 in the 2D and 3D extensions. To deal with it we can assume that the 
biofilm grows perpendicularly to the electrode surface: XWLLLLM(_, k) = XW(_, k)uLLLLM. Given 
that the “biomass acceleration” can be expressed  
 
o{
o = ~{{ jW + jW (3.18) 
 
and the speed of the biofilm growth can then be integrated. 
 
XW(_, k) = ~{{  jW +d jW q_ (3.19) 
 
By including the biofilm detachment we finally have equation ruling the biofilm 
thickness : 
 
                                                 
1
  qHX M  =  has an infinity of solutions. If M is solution, whatever is tM, M + _ILLLLLLM tLLLM is also solution. 
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o{
o = ~{{  jW +{d  jW q_ −  Y[    (3.20) 
 
To get the equation for the evolution of i we have to go back to oWo + qHX XWLLLLMi =
~{
{ jW (3.16). Given our assumption on XWLLLLM we can now simplify that equation to  
oW
o + o({W)o = ~{{ jW  which, once developed, becomes  oWo + i o{o + XW oWo = ~{{ jW.  
By substituting the expressions obtained for XW we finally get the equation ruling 




o + ~{{ jW + jWi + ~{{  jW +d jW q_ oWo = ~{{ jW (3.21) 
 
All these equations use rates of reactions which we need to express. 
3.1.1.4 Rates of reactions 
Degradation of Electron Donor by the active biomass 
Following Marcus’ method (Marcus, Torres et al. 2007), we use a double-Monod 
kinetics to express the rate of degradation of an electron donor ED in presence of an 
electron acceptor EA  
 
Y@T = Y	G  i >cpbcp">cp  >cdbcd">cd (3.22) 
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Unfortunately this expression is valid when both ED and EA are soluble and in our 
case the biofilm anode which acts as the EA is not. To overcome this problem we use 
Nernst equation which links the EA concentration to the anodic electron acceptor 
@] = @] − %&  '( >cd

>cd. As the charged compound exchanged are electrons we have 
( = 1. Then we define the potential for the half maximum rate bcd = @] −
 %&  '( >cd

bcd. 




 (@cd@cd )" (@cd@cd )
  which by 
defining the local potential as a = ] − bcd  can be simplified to >cdbcd">cd = 66"  
Finally we express the rate of the degradation of the electron donor by the active 
biomass. 
 
Y@T = Y	G  i >cpbcp">cp  66"     (3.23) 
 
Endogenous respiration 
We can also use a similar expression concerning the endogenous respiration as the 
electrons produced by that reaction are also accepted by the biofilm anode. 
 
YZ = YZ,	G i  66"     (3.24) 
 
Growth rates 
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The growth rate of the active biomass can be decomposed in the growth rate due to the 
electron donor consumption minus its endogenous respiration and its inactivation. The 
yield n of the biomass growth has to be included. 
 
jW = n Y@T − YZ −  Y?  (3.25) 
 
Concerning the inactive biomass it comes from the inactivation of the active one so 
jW = Y? . As Marcus (Marcus, Torres et al. 2007) we assume the biomass 
inactivation to be a first order one: 
 
 Y? = Y  i (3.26) 
 
Biofilm detachment 
We also assume a first order detachment  
 
 Y[ = Y[  _W (3.27) 
 
3.1.2 Model formulation 
Unknowns 
The parameters that are going to be determined in this model are : S@T(_, k) in the 
biofilm and in the effluent 
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i(_, k) and a(_, k) in the biofilm 









Table 3.1 gives an overall view of the equations (and their respective limit conditions 
and domain of validity) of the model proposed. 
Table 3.1 Partial differential form and domain of validity of the equations 
 Partial differential form Domain of 
validity 
Eq1 oo = V@T,@  6 oo _ oo  + o





V@T,W  6 oo _ oo  + o

ov  − Y	G Q bcp"  66"   




o wd = 0  
LC3 lim→NQ1  = lim→NQ3   
LC3’ lim→NQ1 V@T,W oo = lim→NQ3 V@T,@ oo   
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LC3’’ lim→NQ1 V@T,W oov = lim→NQ3 V@T,@ oov   
Eq3 
| 6 oo _ oo + o

ov =
 f@Tg@TY	G  bcp" +  fW gZYZ,	G    &Q6"   
LC4 
o












~{ = nY	G  bcp" + YZ,	G 66"  − Y  Q −
nY	G  bcp" + YZ,	G 66"  Q
 −
oQ
o  nY	G  bcp" + YZ,	G 66"  Q






o = ~{{  nY	G  bcp" + YZ,	G 66"  Q q_
NQd −




S@T(_, k), i(_, k) and a(_, k) are not directly the information we want to get. Though 
from those we can easily compute : 
-the anode potential a] = a(0, k) 
-the ED removal rate ;;@T = >cp, SV_,m;dr¢d  
-the current can be integrated from the local current density £ =  M`]
[ . (LMqS. Then 
using Ohm’s law, we have £ =  −| s_tqLLLLLLLLLLM a]
[ . ( LLLMqS which can be simplified to a 
1D-integral thanks to the symmetry of the anode £ = 2¤ _]  −| o}o=vw qk.  
3.1.3 Solving strategy 
Decoupling the system 
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In this model, our variables are coupled which makes the solving quite hard. A first 
thing do to is trying to look at decoupling opportunities. Biomass growth does not 
happen at the same pace as physico-chemical reactions. Thanks to that we can try to 
solve Eq 4 and Eq5 assuming the steady state reached for the other equations. In the 
new system formed by Eq 1, Eq 2, Eq 3 and their limit conditions i(I) and _W"(I) are 
not unknown anymore. 
Now the coupling between  and  in Eq 2 and Eq 3 is the new difficulty we have 
to face. In Eq 2 
6
6" 
 is the coupling term. So using the numerical values of e, ; 
and assuming l is around 298 K we can express it as 66" ,.¥5.. Now we see that if 
 > 0  its variations are really absorbed by the exponential term. So the coupling term 
for  in Eq2 is really weak and we can simplify this equation by taking 66" =1 
and express : 
 
0 = V@T,W  6 oo _ oo  + o

ov  − Y	G Q(§) bcp"  (3.28) 
 
 
This give us the opportunity to solve Eq1 and Eq2’ separately get  and then solve 
Eq3 which as only  as unknown. 
We can also use this observation to simplify Eq4 and Eq5 which become: 
 




~{ = nY	G  bcp" + YZ,	G − Y  Q − nY	G  bcp" +






o = ~{{  nY	G  bcp" + YZ,	G Q q_NQd − Y[  NQ (3.30) 
 
 Summary 
Our solving strategy can be summarized in 4 steps : 
1. Solving Eq 1 and Eq 2’ and get  (other variables kept constants) 
2. Solving Eq 5 get NQ 
3. Solving Eq 4 get Q  
4. Solving Eq 3 get    
Going back to step 1. 
Table 3.2 summarizes the equations of the model, their limit conditions and 
domain of validity. They appear in the order they are used during our numerical 
strategy. The unknowns of each equation appear in color.  
Table 3.2 Simplified and decoupled version of the model 
 Partial differential form Domain of 
validity 
Eq1 0 = V@T,@  6 oo _ oo  + o

ov  − X oov   
Eq2’ 0 = V@T,W  6 oo _ oo  + o

ov  − Y	G Q bcp"  
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o wd = 0  
LC3 lim→NQ1  = lim→NQ3   
LC3’ lim→NQ1 V@T,W oo = lim→NQ3 V@T,@ oo   
LC3’’ lim→NQ1 V@T,W oov = lim→NQ3 V@T,@ oov   
Eq5 
oNQ





~{ = nY	G  bcp" + YZ,	G − Y  Q −
nY	G  bcp" + YZ,	G Q − oQo  nY	G  bcp" +d




| 6 oo _ oo + o

ov =













3.2 A simple approach to model Microbial Fuel Cells 
3.2.1 Comments on the anode model 
Once the model expressed and a solving strategy elaborated, the next step was 
the resolution. Weplanned to use Finite Elements Method for all the partial differential 
equations. This required first that they were linearized. While working on the meshing 
we realized a big drawback of this model due to scales issues. The biofilm was 
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assumed to be continuous. This implies that sizes in the range of bacteria cells should 
also be neglected. Though Marcus presents as a result of his model that inert biomass 
dominates the biofilm composition from 3 µm far from the anode.(Marcus, Torres et 
al. 2007). This distance should be neglected considering the assumption of continuity. 
That scale issue compromises the chances of success of a model based on continuous 
biofilm. Another way would be to consider individual based modeling of the biofilm 
as suggested by a recent publication (Picioreanu, Katuri et al. 2008). This could lead to 
interesting results but more on microbial communities’ development than on the 
electrical performance of the cell. As the biofilm activity is far to be limiting on a 
microbial fuel cell such approaches are not likely to lead to results on power 
optimization. It would not be straight forward to reach useful estimations concerning 
the optimization of the geometrical parameters which was our first aim. To cope with 
this a simpler approach was considered. 
3.2.2 A simpler approach 
As Electromotive Force and Internal Resistance are the key parameters to estimate the 
electrical performance of a cell, a simple model was based on those factors. 
3.2.2.1 Expressing the maximum power  
The potential difference created by the fuel cell can be expressed as: 
 




E©ªª = R°. I (3.32) 
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By combining those two equations the current supplied comes as: 
 
£ = ²³´µ¶·¸¹"¶³º¹ (3.33) 
 
Finally the power supplied can be expressed as : 
 




which admits a maximum for R®¯° = R° of 
 
	G = ²³´µ5¶·¸¹  (3.35) 
 
This expression is the one to be optimized. Considering the state of the art 
(Table 2.1 State of the art in microbial fuel cell design research, there is little room for 
electromotive force improvement. Best values achieved are about 0.8 V which is 
already quite good considering the theoretical limit of 1.1 V. On the other hand efforts 
can be made on the internal resistance. Based on that consideration a further model 
emphasizing on that parameter was developed. 
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3.2.2.2 Modeling the contributions to the internal resistance 
 
 
As explained in part 2.2.2 the resistance a uniform material of electrical 
resistivity ρ (Ω m) surface S (m2) and distance L (m) it is given by  
 
; =  < =>  (3.36) 
 
Then as proposed by Fan (Fan, Sharbrough et al. 2008) contributions to the overall 
internal resistance can be separated in their origin either anodic, cathodic or 
membranal. 
 
;? = ;] + ;. + ;	 (3.37) 
 





Figure 3.3 Schematic view including geometrical parameters 
L r 
R 
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Those contributions can be respectively expressed as:  
 




;	 =  <	  B=.¼ (3.39) 
 
Then the overall internal resistance comes as: 
 
;? =  6¼ dd  + »» = + <	½	  6= (3.40) 
 
This expression enlightens the importance of the thicknesses and conductivities of the 
materials considered. In our context of Membrane Electrode Assembly MFC, those are 
fixed and cannot be considered as geometrical parameters of the system. Based on that 
observation it can just be affirmed that highly conductive materials should be 
employed and that the thickness of the electrodes is an advantage whereas that of the 
membrane can seriously penalize the system. 
3.2.2.3 Optimization of the geometrical parameters 
The expression of the internal resistance can be simplified as  
 
;? ∝  = +  λ 6=  (3.41) 
 
And as 	G is inversely proportional to ;? we can express 
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G ∝  _ =À"= (3.42) 
 
As the active surface of the reactor is 2¤m_ , the surfacic power comes then as  
 
ZÁÂ ∝  6À"= (3.43) 
 
And as the volume is ¤m(; − _), the volumetric power follows 
 

 ∝  % 6À"= (3.44) 
 
Optmizing volumetric and surfacic power 
It is important to know what has to be optimized. The consensus in the microbial fuel 
cell community is to assess performance in terms of volumetric power.  
By looking at its expression volumetric power appears to be a decreasing function of 
the geometrical parameters. Its optimization is not interesting since by reducing the 
length or the radius of the cell and keeping the other parameters constant it will always 
be increased. This can explain why many groups tend to improve their performance by 
working on smaller prototypes (Dewan, Beyenal et al. 2008). It also reduces the 
interest of assessing the performance of a design in terms of volumetric power. 
Besides by reducing the size too much, the power supply is also reduced (see 
paragraph below). This will increase the number of cells that need to be stacked 
together in order to provide enough power to run an external device. Considering the 
very low maturity of MFC-stacking this seems very far from potential application. 
Furthermore, the electrical resistivity and the volume of all the connectors that will be 
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used to perform stacking would also affect the electrical performance of the system 
and its total volume. The impact on a volumetric power based on the total volume and 
not on the working one would be negative. 
Optimizing power of a single cell 
Increasing the radius of the MEA can increase the power supply but footprint and 
economical constraints impose to keep it reasonable. Though if parallel stacking 
appears to be difficult or induce important losses increasing the radius of the system 
could be a solution. Inner feeding with a reverse disposition of the MEA compared to 
the one considered here could help reducing the footprint. 
Due to the presence of an optimum, optimizing the length of single 
MFC to get the maximum power that its design can deliver is of more interest. It 
follows a law: 
 
	G ∝  _ =À"= (3.45) 
 
An example of the trend of that law based on arbitrary values is plotted in Figure 3.4  
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The presence of the optimum is due to the fact that the length of the reactor has a 
negative effect on the resistance due to the separator but a positive one on that of the 
electrodes. 
At the beginning increasing the length gives more surface for the ions to cross the 
separator, after a certain limit the fact that it becomes longer and longer for the 
electrons to transit in the electrodes takes more importance. The optimal length varies 
with the ratio of the electrodes and separators parameters. To express it, it is useful to 
 H(I= 12¤<½ +<Ã½Ã m_+<Ä½Ä 1m_ (3.40). 
 
;?(L) ∝ dd  + »»  m + <	½	  6= (3.46) 
 
which optimum is obtained for : 
 
m
7 = Æ BBÇdAd  "Ç»A» (3.47) 
 
Which can be further simplified if both electrodes have the same 
thickness and resistivity to : 
 
m
7 = Æ Bd/» ½	½]/. (3.48) 
 
The optimal length increases with the thicknesses of the electrodes and the separator. 
It also increases with the resistivity of the separator but decreases with that of the 
electrodes. Figure 3.5 showcases the evolution of power for three MFCs 1,2,3 having 
separators of increasing resistivity. 
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Figure 3.5 Impact of the separator resistivity on the power and optimal length 
It is remarkable that decreasing the resistivity of the separator not only allows 
increasing the power supply but also gives the opportunity to obtain it for a smaller 
optimal length. This is of prime importance as it can help improving the volumetric 
power and besides all allows reducing the cost of the system by using less material to 
build the cathode and the membrane.  
3.2.3 External resistance optimization 
Our approach based on electrical parameters can also give results on the effects of the 
external resistance also referred as load or external load. 
3.2.3.1 External resistance effect on power. 
If the maximum power is obtained for R®¯° = R° it can also be interesting to study 
the power response at different loads. 
Based on  
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We can express 
 
É




Figure 3.6 Power ratio versus Resistance ratio 
For practical application the external resistance of the electrical device applied to the 
fuel cell is not likely to be equal to its internal resistance. This will cause of loss of 
power compared to the ideal case. Figure 3.6 represents the ratio 
É
É´Êº  as a function of 
¶³º¹
¶·¸¹. 
Besides, by including the power losses due to the internal resistance, the total power 
delivered by the bacteria can be expressed as 
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The dependence to the internal/external resistance ratio appears more clearly once 
compared with the power delivered. 
 
ÎÏÐDÑ
Î = 1 + ¶·¸¹¶³º¹ (3.52) 
 
 
Figure 3.7 Total power/power ratio verus resistance ratio 
Those results are summarized by Figure 3.8 
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The fuel cell is in fact able to deliver up to four times the maximum power we can get 
from it. This should be considered in terms of treatment, though the interest of the 
energy recovery is lost. 
3.2.3.2 External load and COD sensor 
Monitoring COD is a possible application for the MFC technology. In this 
paragraph arguments towards the optimization of external load for COD monitoring 
are given. In a MFC-COD sensor, the COD is computed indirectly via the 
measurement of the voltage drop U across the fuel cell which has already been 
expressed as 
 
E©ªª = ¶³º¹¶·¸¹"¶³º¹ E«¬ (3.53) 
 
The COD of the effluent has an influence on both the electromotive force and the 
internal resistance. So we can express : 
 
E©ªª(COD) = ¶³º¹¶·¸¹(ÓÔÕ)"¶³º¹ E«¬(COD)  (3.54) 
 
The sensitivity of the sensor is one of the crucial parameters that has to be improved to 
allow a future to that technology. It can be studied by expressing the variations of U 
with COD values : 
 
Ö²×³ØØ
ÖÓÔÕ = ¶³º¹(¶·¸¹(ÓÔÕ)"¶³º¹) Ö²³´µÖÓÔÕ (R®¯°(COD) + R°) − E«¬(COD) Ö¶·¸¹ÖÓÔÕ (3.55) 
 
Concerning the relative variations we have : 
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Ù²×³ØØ
²×³ØØ =  6²³´µ(ÓÔÕ) Ö²³´µÖÓÔÕ − 6¶·¸¹(ÓÔÕ)"¶³º¹ Ö¶·¸¹ÖÓÔÕ ΔC (3.56) 
 
As the electromotive force of the cell is supposed to increase with the COD of the 
influent 
Ö²³´µ
ÖÓÔÕ   is positive whereas the internal resistance is expected to decrease so  
Ö¶·¸¹
ÖÓÔÕ is negative. 
Given that it appears that both components will contribute positively to the sensitivity 
of the sensor. 
High external load can simplify the determination of the calibration curve. If R° ≫
R®¯°(COD) then  E©ªª(COD) ≈ E«¬(COD). This could simplify the preliminary work 
that need to be done to establish the calibration curve of the sensor. Nevertheless it is 
not sustainable. A fuel cell cannot stay forever in an open circuit mode, otherwise 
electrogenic bacteria will stop working and so stop growing and finally electromotive 
force would not be sustained anymore. 




ÖÓÔÕ term. This can be an easy way to increase the performance of MFC 
COD sensors. 
3.3 Microbial Fuel Cells self-sustainability 
According to Logan (Logan 2008), MFC technology is likely to be energy 
positive by powering wastewater treatment plant and even providing electricity to the 
neighborhood. In this part, we aim at defining a self-sustainable MFC system for 
wastewater treatment plant. The path towards self-sustainability comprises 3 facets: 
The MFC ability to power the pump, i.e. it should generate enough current at a 
sufficient cell potential to run its own electrical pump. One important aspect to 
Theoretical developments 
consider here is that the MFC technology must be thought of as a modular process, 
where a number of MFCs are stacked in parallel and/or in series in order to reach the 
desired current and voltage.
The pump ability to provide a flowrate high enough to 
wastewater into the MFC system.
The wastewater
enough and it must be supplied at a sufficientl
Those three links are summarized by 
Figure 3.9
3.3.1 Case study 
In this part the specificat
characteristics are developed.
3.3.1.1 Fuel Cell’s specifications.
As explained in part 2.2
electromotive force and 
 
 
 ability to fuel to the MFC, i.e. its energy content must be high 
y high flowrate; 
Figure 3.9. 
 Systemic view of a self-sustainable MFC system
ions to be considered in terms of MFC
 
 
, an MFC needs to be characterized in terms of 





, fuel and pump 
its 
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be minimized in an MFC, then the value of Eemf  should approach the OCV. Hence, an 
ideal value of Eemf = 0.8 V corresponding to the state of the art was considered for 
further calculations. A state-of-the-art value of Rint for a single MFC was selected 
according to Shimoyama et al (Shimoyama, Komukai et al. 2008). In their study, the 
authors reported an optimal value of 5 Ω for their cassette electrode.  
3.3.1.2 Pump specifications.  
MFC produce continuous current (DC) so if the MFC was to directly power its 
own pump, it would be convenient that the pump work on DC. The use of DC-AC 
converter could also be considered. Because those systems generate losses, this would 
penalize our MFC which would have to produce higher voltage and current so that 
once converted in AC they still reach the pump requirements. Besides, AC pumps 
work at much higher voltage than DC ones. Given that and as we wanted to conduct 
our case study in the most favorable conditions for the MFC system, we chose to 
consider a small DC pump. We selected a model Viking Power 16 (SPX Process 
Equipment, Sweden), having the following specifications : 
Power requirement P = 40 W at 1 m head,  
at a voltage V= 12 V (DC) and current I = 3.33 A.  
The maximum flowrate of the pump is Qmax= 15 L min
-1 at 0.1 bar. 
3.3.1.3 Fuel characteristics. 
In order to determine the fuel ability to provide sufficient energy to the MFC 
system, the wastewater needs to be characterized in terms of COD content and 
volumetric energy content (ℇvol, J m-3). Domestic wastewater’s energy content has 
been estimated as 14.7 KJ g-1 of COD (Logan 2008); hence, considering a COD 
content of 300 mg-COD L-1, the volumetric energy stored in domestic wastewater 
would be ℇvol = 4410 KJ m-3. In a first estimation, considering similar energy content 
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for industrial wastewater and a higher COD of 1000 mg-COD L-1, this would result in 
a volumetric energy of ℇÝÞª = 14,700 KJ m-3 for industrial wastewater.  
The fuel supply is not only characterized by its energy content. Other important 
parameters that are important to consider depend at the same time on the type of 
wastewater, on the MFC design and on the operating conditions. The flowrate (Q, m3 
s-1) and the hydraulic retention time (HRT, s) impact on the substrate removal 
efficiency (Єfuel) and the energy efficiency (ЄE). ЄE is not known for actual 
wastewater, but considering it close to the Coulombic efficiency EC. This parameter 
depends on the complexity of the food webs that exist in the MFC. Reactors  
inoculated with mixed cultures and operating with real wastewater are frequently 
characterized by low Ec. However, for further numerical application we will assume 
that MFCs can be optimized to avoid electron losses to alternative sinks, raising EC 
(hence ЄE) up to 90 %. Concerning the substrate removal Єfuel, at an HRT of 12 h, 
80% COD removal also seems to be a realistic target. 
3.3.2 Microbial Fuel Cells’ stackability 
As explained in part 2.2.2, the theoretical maximum cell potential for an MFC 
operating with an air cathode and an acetate anode is of 1.101 V and the actual 
potential in operation is typically lower than 0.8 V according to the state of the art (see 
Table 2.1) If a single cell was to generate the 40 W required to power the pump, it 
would need to generate electrical current higher than 100 A. Such a current could be 
generated only with a large active area and would require very thick cables between 
the MFC and the load to minimize resistive losses (Barbir 2005). As a consequence, it 
is more realistic to consider MFC stack designs where a number of cells are connected 
in series and / or in parallel in order to achieve the desired voltage and current and, 
ultimately, power. 
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Figure 3.10 Series and Parallel MFC stacking 
Considering an MFC characterized by its cell potential Ecell and internal 
resistance Rint, n similar MFCs being added in series and m MFCs being connected in 
parallel as displayed in Figure 3.10. 
The nm resulting MFCs can be considered as a single MFC having for 
potential:  
 
°Þ°àª =  (E©ªª  (3.57) 
 
and for internal resistance: 
 
R®¯°¹á¹ÊØ =  	  R®¯° (3.58) 
 
Consequently, in order to operate an electrical device at a voltage V (V), the 
number of MFCs (n) required to be put in series obeys to the following equation: 
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Similarly, in order to operate an electrical device at a current I (A), the number 
of MFCs (m) required to be put in parallel obeys to the following equation: 
 
Ä =  â åå´Êºä =  â å²³´µ  R®¯°ä  (3.60) 
 
3.3.3 Calculations 
3.3.3.1 MFC requirement to power the pump 
Considering the ideal case of MFCs having a state of the art electromotive 
force  Eemf = 0.8 V and a DC pump working under nominal conditions at a low voltage 
V = 12 V (DC), the number of MFCs required to be put in series can be estimated to n 
VEmax  = 2VEemf  (3.59).  
IImax= 2IEemf Rint  (3.60), the number of series stacks required to be put in parallel 
m can be plotted against Rint as shown in Figure 3.11.  
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As we can see, in order to provide sufficient current to power the pump (I = 3.3 
A) with only 1 parallel stacking (m = 1), Rint should be as low as 0.12 Ω, still 
considering an ideal Eemf of 0.8 V. This value is much lower than the current state of 
the art. Besides it is even lower than the resistance of the cables used to connect the 
cell to its pump. Considering a state-of-the-art value of Rint = 5 Ω is more realistic and 
gives us the value of m = 42. 
As a consequence, a realistic number of MFCs to provide enough voltage (V = 
12 V) at a sufficient current (I = 3.3 A) would be of a parallel stack of m=42 stacks of 
n=30  MFCs in series. Hence we reach a total number of MFCs nm = 1260.  
In those conditions, each MFC having an internal resistance of 5 Ω would 
generate a maximum power of 32 mW, at a cell potential Emax = 0.4 V and current Imax 
= 80 mA. The total MFC system would be characterized by an internal resistance of 
3.6 Ω and would be able to provide the 40 W required to power the pump at its 
maximum flowrate.  
3.3.3.2 Wastewater requirement to fuel the MFCs 
The power available from the fuel (W) can be determined as: 
 
P¬ëª = Q  ℇÝÞª Є¬ëªЄ²  (3.61) 
 
Considering the values chosen in part 3.2.1, ЄE = 90%, Єfuel = 80% and ℇvol = 
4410 KJ  m-3 (domestic wastewater) or 14,700 KJ  m-3 (industrial wastewater) the 
minimum flowrate that would ensure providing Pfuel = 40 W, would be Qmin = 0.75 and 
0.22 L min-1, for domestic and industrial wastewater, respectively.  
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With nm = 1260, the corresponding working volume of a single MFC (VMFC, 
L) would depend on the hydraulic retention time (HRT, τ, h) according to the 
following equation: 
 
𝑉𝑀𝐹𝐶 =  𝑄 𝜏𝑛𝑚  (3.62) 
 
For instance, considering a value of τ = 12 h, VMFC would be at least to 0.42 
and 0.13 L. Once multiplied by the total number of cells, the complete MFC plant 
would have a minimum total anodic volume of 530 and 170 L, for domestic and 
industrial wastewater, respectively.  
3.3.3.3 Pump requirement to circulate the wastewater 
The last step to check is the pump ability to circulate enough wastewater 
required to power the MFC system. As we just calculated the fuel has to be able 
circulated at a flowrate higher than 0.75 L min-1. This is within the capacity of the 
pump Viking Power 16 which maximum flowrate is Qmax = 15 L.min-1.  
3.3.4 Comments and challenges 
3.3.4.1 General comments 
The purpose of this study was to give a very practical example of the 
characteristics that an MFC treatment system should fulfill if one wanted to directly 
power a pump. We evidenced that a crucial parameter for MFCs to be developed will 
be their internal resistance in order to minimize the number of MFCs needed. A 
number of 1260 MFCs does not look reasonable, which means that Rint needs to be 
further reduced by at least an order of magnitude. 
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3.3.4.2 The challenge of stacking 
Another issue will be the stacking of MFCs. As a single cell is not likely to 
produce enough voltage and current to power the external electrical device that is 
applied to it, series and parallel stacking will have to be used. The efficiency of the 
stacking could greatly affect the system performance and so is of prime importance. 
Though studies in the field are still few.  A pioneer study on stacked MFC, 
(Aelterman, Rabaey et al. 2006) connected six MFCs connected in parallel, which 
resulted in a current equal to the sum of individual MFCs, while the voltage was 
similar to the average of the individual MFCs. Parallel connection of MFCs seems to 
be efficient which will help to increase the current supply. Upon series connection, the 
voltage of individual MFCs were added and the current similar to the average 
individual MFC. However, during series connection, some of the individual MFC 
voltages diverged and the MFCs experienced cell polarity reversal. This could be a 
bottleneck for MFCs technology. Aelterman study has been followed by other groups. 
As summarized in Table  they all confirmed the feasibility of parallel connection of 
MFCs. On the other hand, series connection of MFCs remains particularly challenging 
due to energy losses.  
 






Pmax (W m-3) Emax (V) Imax (mA) Rint (Ω) Ref. 








6 (parallel) 0.67 263 0.354 269 ≈ 1.3 
6 (series) 4.16 308 2.279 49 ≈ 49.1 
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1 ND 15.4 ND ND 5.3 
Shimoyama, 
12 0.56 129 ND ND 0.64 
1 0.792 6.54 0.475 5.8 14.6 
Wang 4 0.785 22.8 0.338 27.0 5.3 
4 2.020 14.69 0.730 8.0 108 
1 0.44 0.44 0.139 0.02 ND 
Ieropoulos, 10 0.44 0.81 0.196 0.26 ND 
10 1.4 0.45 0.567 0.05 ND 
 
3.3.4.3 The footprint challenge 
Another challenge will be the footprint of the MFC plant. We estimated the 
anodic volume of our sytem to be of 530 and 170 m3, for domestic and industrial 
wastewater, respectively. The overall volume including the cathodic chamber in the 
case of a double-chamber MFC or the air compartment in the case of an air-cathode 
MFC is likely to be bigger. The footprint of a wastewater treatment system is an 
important parameter which has to be reduced as much as possible, given that one could 
be interested in having a smaller size of MFC. According to a^eÃ= í î	  (3.62) 
smaller MFC would have to work at a lower HRT. Nevertheless in that case, the 
bacteria would have less time to degrade the organic matter present in the reactor and 
so the substrate removal efficiency Єfuel would likely be reduced. This would imply 
that the power targeted would not be reached (Pfuel < 40 W). As the working anodic 
volumic is set by the fuel characteristic, the only way to reduce the footprint of the 
system would be to design the cells in a way that maximizes the working / non 
working volume ratio of each MFC. In Figure 3.12 we suggest a design for such a 
modular MFC treatment plant. Each MFC (i.e. one module) of the treatment plant 
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should be made as simple as possible and could for instance consist of an anode 
wrapped around a hollow
separator to form a membrane electrode assembl
already shown their capacity to generate increased power density at higher Coulombic 
efficiencies as compared to MFCs with cathode separated from the anode 
et al. 2005). 
-tube cathode and electrically isolated by an hydrophilic 
y (MEA). MFCs with an MEA have 




Material and methods 
Chapter 4 : Material and Methods
4.1 Construction of MEA
The body of the reactor was made of
(Thermoplastics, Singapore). Each MFC consisted of a single cylindrical compartment 
(length = 90cm, diameter = 7cm), with the anode and cathode wrapped on opposite 
sides of a hydrophilic separator to form a membrane electrode assembly (MEA).
Figure 4.1 presents a schematic
reactor.  
Figure 4.1 Schematic and detailed views of a Membrane Electrode Assembly
The reactor was made of
Singapore ) . Each MFC consisted of a single cylindrical compartment (length = 90cm, 
diameter = 7cm), with the anode and cathode wrapped on opposite sides of a 
hydrophilic separator to form a membrane elect
the MEA is showcased in 
Three types of hydrophilic separators were used
a reverse osmosis (RO) membrane (version 
(Selemion, HSF, Asahi, Japan) (version 
 
-MFCs 
 transparent polyacrylic plastic 
 view of the MEA-MFC and a detail of one of our 
 transparent polyacrylic plastic (Thermoplastics, 
rode assembly (MEA). The de
Figure 4.1. 
, i.e. a simple cloth (version 








Material and methods 
The MEA was applied against a stainless steel grid that acted as a current 
collector (length = 90cm, diamet
with air blown into the grid using an air compressor in order to supply the cathode 
with oxygen.  
The fuel (domestic wastewater) 
in the anode compartment
2.9 L. 
Anodes were made of carbon cloth (designation B, E
Figure 
 
In versions α and 
cathodes but their interior 
er = 3 cm) and aeration was either passive or active 
was circulated continuously in an upflow mode 
 (see Figure 4.2). The working volume of each MFC was of 
-Tek, USA).  
 
4.2 Disposition of our MEA-MFC 
β of the prototypes the same material was used for the 
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cm-2  whereas their air-facing side were coated with a carbon/PTFE layer and 4 
additional layers consisting of pure PTFE, as described by (Cheng, Liu et al. 2006).  
In version γ, a stainless steel mesh was applied around the anode to act as 
current collector and two layers of spacer from reverse osmosis membranes were 
inserted respectively between the anode and the separator and between the separator 
and the cathode. Besides this last version provided the additional capacity to 
recirculate the anodic effluent into the top of the cathodic compartment where it 
trickled along the cathodic wall. 
Once constructed the reactors were stood in a vertical position on an aluminum 
frame. 
4.2 Experimental conditions 
4.2.1 Domestic wastewater 
Domestic wastewater was used as inoculum for the reactors. The anodic 
compartments were fed continuously with effluents collected from the primary 
clarifier of Ulu Pandan reclamation plant (Singapore) on weekly basis and then stored 
in a cold room at temperature of 4 degree Celsius. Prior to feeding into the 
continuously stirred feed tank, the effluents  was filtered with a fishing net of 0.5mm 
pore size to remove bigger particles or solids which was left over from primary 
clarifier. The filtered wastewater was thus drawn out from feed tank to the reactors 
using a pump.  
The wastewater fed to the reactor had a pH ranging around 7.0 to 8.0 and a 
COD ranging from 200-400mg/L.  
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4.2.2 Temperature and Brightness 
The reactors were setup at room temperature (between 26 to 28 degrees 
Celsius) which is suitable for bacteria growth. They were wrapped with aluminum foil 
to prevent light from entering and ensure no algae will grow inside. This could 
produce oxygen in the anodic compartment and prevent anaerobic conditions. 
4.2.3 Aeration 
Aeration was provided in the cathodic compartment using an air pump 
pumping atmospheric air (containing around 20 percent of oxygen). The speed of the 
aeration was regulated using an air valve. 
4.3 Data collection and analysis 
4.3.1 Voltage measurement and collection 
The potential drop across an external resistance was measured using a digital 
multimeter (M3500A, Array Electronic, Taiwan) recorded on a personal computer 
through a data acquisition system (PC1604, TTi, RS, Singapore) and exported to 
Microsoft Excel for analysis.  
4.3.2 Electrical performance analysis : polarization curves 
Polarization curves of the MFCs were obtained by varying the applied external 
resistance and recording the pseudo steady-state voltage every minute. The MFC had 
before to be disconnected for several hours so that they could reach their open circuit 
voltage (OCV). Then the time interval chosen to wait for pseudo-steady-state is of 
prime importance. Too short it could lead to an over-estimation of the cell potential 
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due to capacitance effects. Too long, during every time interval it could let the cell 
evolve to a steady state different than the previous one. In this case the polarization 
curve would no longer be a snapshot of the fuel cell electric performance but a study 
of its behavior under different external loads. After preliminary testing a time interval 
of one minute was selected. 
The current was then calculated by using the Ohm’s law. 
 
Figure 4.3 Polarization curve, power curve and their characteristic zones 
They were determined using a linear regression (least squares method) on the 
points of the Ohmic zone. The electromotive force was estimated as the intercept of 
the regression where as the internal resistance was the opposite of its slope. 
To ensure accuracy in the estimation data had first to be processed. The 
electrical resistances of all the wires connecting the MFC to its load and to the data 
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acquisition system are always neglected. Those generally represents no more than a 
few Ohms (the resistance of a one meter long stainless steel or copper wire as the one 
we used is about one Ohm ). At high load it is not a problem to neglect it though when 
the load value gets closer to single digits resistances it can be a major component of 
the actual load applied to the MFC. Current computations using Ohm’s law can be 
heavily overestimated by this omission. This leads to strange power curves. In order to 
take this into account and as it is not easy to estimate accurately this hidden load using 
an ohmmeter we relied on a modeling based approach. A constant resistance was 
added to all the external resistances used during the polarization curve. Its value was 
chosen to give the best linear behavior possible. Practically values were increased 
progressively and the one giving the best coefficient of determination (always superior 
to 0.99) for the linear regression was selected. This also helped us to recover data from 
polarization curves conducted when one component was having a problem (corroded 
wires or connectors frequently affects the measurement especially on the anodic side 
which unlike the cathodic one is not protected by its electric potential). Once the data 
processed we got our E«¬ and Rint estimates.  
Besides our polarization curves we plotted power curves to get the maximum 
power supplied by the MFC. This parameter could have also been estimated indirectly. 
The power delivered by the cell  =Ecell. I can be expressed as  = (E«¬ − R®¯°. I). I  
This expression has a maximum for I = ²³´µ¶·¸¹  which is obtained for R° = R®¯° .  
Ätï=Eemf24Rint (3.35) 
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4.3.3 Hydraulic Retention Time, Chemical Oxygen Demand 
The Hydraulic Retention Times (HRT) of the reactors were regulated by 
adjusting the flowrates of the pumps. With pump head tubing Neoprene 16 
(Masterflex) the range of flow rate we could set was comprised between 1.3mL.min-1 
and 80mL.min-1, which allowed HRT going from 36 minutes to 37 hours. 
 Analyzes were carried out according to the standard methods (APHA-
AWWA-WEF 1998) to measure the Chemical Oxygen Demand (COD) value of the 
feed and effluents. Organic loading rate, which is the amount of organics entering the 
system per day, was calculated using the value of feed COD and the HRT.  
4.3.4 Coulombic efficiency 
The coulombic efficiency Ec is defined as the ratio of total Coulombs actually 
transferred to the anode from the substrate, to the maximum possible Coulombs if all 
substrate removal was converted into current.  
 
Ec =  ÓñÓ¸ × 100% (4.1) 
 
Cp is the total amount of Coulombs transferred and can be calculated by 
integrating the current over time. Cn is the theoretical amount of Coulombs that can be 
produced from the substrate, it is calculated based on C¯ = ôõö÷ø  where F is the 
Faraday’s constant (98485C/mol of electrons), b is the number of mol of electrons 
produced per mol of substrate degraded, S (g/L) the substrate concentration, v (L) the 
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liquid volume, and M the molecular weight of the substrate. For wastewater we have 
to work on a COD basis. S becomes the COD of the effluent and for oxygen we have 
b=4, M=32. 
Then for continuous flow through the system, assuming that the current 
is constant during the period of study we can express the Coulombic efficiency as :  
 
Ec =  ù åú û ü ÙÓÔÕ × 100% (4.2) 
 
 where M = 32, b = 4, q is the influent flow rate and ΔCOD is the difference 
between the influent and effluent COD. We used that formula to get our Coulombic 
Efficiencies using for I an average of the currents recorded on the last HRT. 
4.3.5 Solids Analysis 
The solids content of the feed and effluents were analyzed according to the 
Standard Methods (APHA-AWWA-WEF 1998). This helps understanding the 
treatment process as well as whether suspended or dissolved solids is the main 
substrate for MFCs. Abnormal values of COD removal or Suspended Solids removal 
are clues that can help to detect problems on the reactors.  
4.3.6 pH 
pH analysis was done for the feed and effluent to determine whether the 
wastewater is suitable for bacteria growth and monitor any abnormal behavior of the 
reactors such as acidification of the anodic compartment. 
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4.4 Maintenance 
Different sets of maintenance were done on a regular basis so as to ensure that 
the reactors were running well. The reactors were emptied weekly to limit sludge 
deposition that could allow fermentation and methanogenesis to happen, and so 
decrease the Coulombic efficiency. Lastly, daily checkings and rectification of the 
reactors were also done to ensure a good behavior. 
4.5 Acidification of the cathode 
The study of the effect of cathodic acidification on the version γ of our prototype was 
conducted in three steps. 
4.5.1 Batch acidification 
500 mL of Hydrochloric acid solutions at different pH were pumped in the 
cathodic compartment which had been previously closed. Air was bubbled in at a flow 
rate of 5L.min-1. Voltage drop across an external resistance of 40 Ω was recorded 
every ten seconds until it stabilizes. Finally the cathodic compartment was reopened to 
collect a sample of its outlet and measure its pH. 
 The pH of the solutions injected ranged from 6 to 1. They were obtained from 
dilution of concentrated hydrochloric acid in tap water. Tap water with pH of 7.6 was 
used as a negative control. 
4.5.2 Continuous acidification and polarization curves 
 5 L of Hydrochloric acid solutions at different pH were pumped at a 
flowrate of 250mL.min-1 in the cathodic compartment which was let open during that 
experiment. Air was bubbled in at a flow rate of 5L.min-1.  
The experiment began with the external circuit open. Once 1.5L was pumped, 
which was enough to stabilize the open circuit voltage, the external load was 
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progressively decreased in order to record polarization curves. The time step between 
changes of resistance was reduced to thirty seconds. This allowed us to reduce the 
length of the process by two without compromising the precision of the results. 
Samples of the cathodic outlet were collected for pH measurement before, in 
the middle and at the end of the process. 
Phosphate buffer solutions at 10-2M and 10-4M of ionic strength were used as 
negative controls. They were buffered at pH=7. 
4.5.3 Continuous acidification at sustainable optimum pH 
Hydrochloric acid solution at pH=2 was pumped continuously in the cathodic 
compartment. Air was bubbled in at a flow rate of 5L.min-1. Voltage drop across an 
external resistance of 40 Ω was recorded every minute. 
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Chapter 5 : Results and discussion 
5.1 Initial design (version α) 
The initial MEA design (version α) consisted of a carbon cloth anode and a 
wet-proofed carbon cloth Pt-coated cathode separated by a hydrophilic cloth material. 
It was continuously fed with domestic wastewater at a hydraulic retention time of 3 
hours and started generating current immediately. 
 After two days, the MFC sustained a power of 3.7 mW. The cell electromotive 
force was of 0.6 V and the internal resistance, as determined by the slope of the cell 
potential curve was about 20 Ω. These performances were surprisingly good. Besides 
due to poor acclimation at this early stage of the experiment, the system suffered from 
mass transfer limitations at the highest current densities  
However, the performance of this reactor using a simple cloth as separator 
dropped rapidly. After three months the maximum power was only 1.1 mW in average 
(Figure 5.1). The polarization curve shows that the concentration losses are attained at 
very low current densities even though the internal resistance was reduced to 40 Ω 
(Figure 5.2). The most probable reason would be the partial degradation of the cloth 
separator that would have put the anode and cathode partially in contact (short circuit). 
This could explain the low value of the electromotive force which was significantly 
reduced to 0.45V (Figure 5.3). The decrease in the performance of that prototype 
shows the importance of choosing a lasting separator. A cheap but fragile (see Figure 
5.7) separator like the cloth used in our version α cannot stand domestic water flow 
during several weeks 






































5.1 Maximum Power evolution for reactor 
5.2 Internal resistance evolution for reacto
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5.2 Impact of the separator nature
Due to degradation of the cloth, an alternative separator for MEA was sought 
that would stand better
that purpose.  
5.2.1 Electrical performance
At an initial hydraulic retention time of 3 h, this second generation of MFC 
(version β) initially generated a maximum power of 1.2 mW, which was infer
that obtained initially with carbon cloth. The cell OCV was of 0.6 V and the internal 
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 the test of time. Reverse Osmosis membrane was selected for 
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5.4 Maximum power evolution for reactor 
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Figure 5
 
The performance of MFC version 
maximum power of 2.8 mW 
increased from 0.6 to 0.8 V
(Figure 5.5). Due to acclimation, the MFC was able to work at much higher current 
densities without being limited by concentration losses
 
At the end of the experiment, version 
the cloth and RO separators is shown 
membrane was still intact at the end of the operation time but the cloth was degraded.














.6 Electromotive force evolution for reactor 
β increased with time. It generated
(Figure 5.4) after 2 months of operation. The OCV 
 (Figure 5.6), while the internal resistance 
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α and β were dismantled and the 
in Figure 5.7. It appears clearly that the RO 
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5.2.2 Influence of operating conditions
The two prototypes 
hydraulic retention time and external resistance
removal efficiency was in the range of 3
Considering the fact that domestic wastewater was used as a substrate, those values are 
reasonable.  
Concerning the electrical performance, even if the maximum power increased 
while decreasing the HRT
with and even dropped at lower HRT
efficiency more than doubled when the external resistance applied to the reactor was 
decreased from 1000 to 300 
 
























version α and β were also operated at various values of 
 
as displayed in Figure 
5 to 60 % throughout the experimenta
 (Figure 5.9), the Coulombic efficiency remained below 1% 
 (Figure 5.10). However, the Coulombic 
Ω.  
9h (1000Ω) 5h (1000Ω) 3h (1000Ω) 3h (300Ω)
HRT (Rext)
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Figure 
Figure 5
5.3 Design modifications (
One of the limitations of prototypes version 
absence of a current collector at the anode. Furthermore, e
connected to a stainless steel support acting as a current collector, the cathode was 
wet-proofed according to 
mainly at preventing water leakage from prototypes version 


















































5.9 Influence of HRT on maximum power
 
.10 Influence of HRT on Coulombic efficiency
version γ ) 
α and β was 
ven though the cathode was 
(Cheng, Liu et al. 2006). This improvement was aimed 
α and 
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retention inside the anode compartment. This was done to prevent flooding of the 
inner cathode compartment which would otherwise have transformed the MEA-MFC 
into a two-chambered system. In addition of the added cost of having to spurge air into 
the cathode compartment in a two-chambered system, this would have likely resulted 
in decreased performance from the reactor because it is known that open-air cathodes 
allow higher availability of O2 and therefore higher power generation (Park and Zeikus 
2003; Liu and Logan 2004). However, PTFE is characterized by extremely high 
electric resistivity and this layer could possibly have isolated the cathode from its 
current collector. Hence, the third generation of MEA-MFC (version γ) was 
constructed using a separator that can prevent the water from leaking into the cathode 
compartment.  
A proton-selective Selemion ion exchange membrane (model HSF, Asahi, 
Japan) was selected over comparable Nafion membrane due to more competitive price 
of Selemion. Selemion HSF membrane, originally designed for electrodialysis, is 
characterized by a thickness of 150 µm, a burst strength of 0.2 MPa and a resistivity of 
0.3 Ω cm2 in 0.5 mol L-2 HCl or H2SO4 (manufacturer data). This allowed us to avoid 
adding PTFE at the cathode, hence providing a better electrical contact between the 
cathode and its current collector. Furthermore, a stainless steel mesh was tightened 
over the anode in version γ to act as an anodic current collector. 
5.3.1 Prevention of cathode/anode short-circuits 
Even if the Selemion membrane is not conducing electric current, after 
tightening the MEA, the resistance between the anode and the cathode dropped below 
200 Ω, indicating a partial short-circuit.  
This problem could only be avoided by adding a spacer both between the 
anode and the membrane and between the cathode and the membrane (two layers of 
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spacer). The spacer originated from a reverse osmosis system. This shows that, even 
though the anode and the cathode should be maintained as close as possible to one 
another in an MFC system (Cheng, Liu et al. 2006), there is a limitation in MEA 
designs due to the risk of (partial) short-circuit.  
5.3.2 Impact of recirculation 
At least two recent papers have demonstrated the benefits of recirculating the 
anolyte into the catholyte (Freguia, Rabaey et al. 2008; Rozendal, Hamelers et al. 
2008; Clauwaert, Mulenga et al. 2009). From the point of view of electrochemistry, 
this helps counterbalancing pH variations in two-chambered MFCs, in which 
otherwise cathode alkalinization and anode acidification with time are observed 
(Rozendal, Hamelers et al. 2006). Furthermore, protons can be transported this way 
directly by the anolyte to the cathode of the MFC, which is really useful in modern 
MFC designs which are most of the time limited by reduced proton diffusion via the 
PEM at pH 7. Finally, from the point of view of wastewater treatment engineering, the 
cathode compartment occupies a large footprint that is not directly used for wastewater 
treatment in most cases. With domestic wastewater, MFC is known to produce effluent 
of a quality comparable to what can be obtained by conventional anaerobic digestion. 
This means that effluent polishing will be required in an MFC-based wastewater 
treatment plant. With recirculation of the anolyte into the cathode compartment, the 
latter has the potential to provide aerobic post-treatment for the anode-treated effluent, 
which is of prime interest. 
Hence, version γ of our MEA-MFC was first operated on domestic wastewater 
in a complete loop mode in which the effluent flowed upward in the anode 
compartment then trickled into the inner cathode compartment. The power constantly 
rose over the first week of operation and attained 1.8 mW after 7 days (0.3 V across an 
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external resistance of 50 Ω) at an hydraulic retention time of 0.7 hours. The OCV at 
that time was higher than 0.7 V, which is in the higher range of OCV values observed 
in MFCs and indicates proper functioning of the MFC as an electricity generation 
device. The internal resistance was estimated to be around 65 Ω, which was also 
competitive. The treatment performances were also satisfying. The treated effluent 
collected from the outlet of the cathode compartment appeared clear in color and the 
COD removal averaged 70 %. In addition, about 80 % of the suspended solids were 
removed in the process.  
However, the power generation dropped in the following days and, even 
though the internal resistance was not affected, the OCV was reduced to below 0.4 V. 
This drop in performance was accompanied by a poorer quality of the treated effluent 
and, even though the COD removal efficiency was not significantly affected, the 
suspended solid removal efficiency dropped to 10 %. We suspected that the drop of 
performance was the result of aerobic bacteria growing onto the cathode. This limited 
the access in oxygen to the cathode, hence affecting the power generation of the 
system. Besides, some of these aerobic bacteria could grow and flocculate in the 
effluent which could explain the dramatic drop of the suspended solid removal 
efficiency. Such problem caused by recirculation in MFC systems were already 
identified by Freguia (Freguia, Rabaey et al. 2008). 
After stopping the recirculation of the anolyte into the cathode compartment, 
the MFC started to recover and, after washing the cathode compartment with plenty of 
water, the power increased even more rapidly increasing from 0.3 to 6.1 mW within 30 
hours (0.55 V across an external resistance of 50 Ω). The internal resistance was 
estimated at 40 Ω and the OCV at 0.6 V at that time. This was the highest performance 
obtained in this study at an hydraulic retention time of 2.3 hours. It did not last more 
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than two days. Though after that increase the elect
was quite steady producing on average 2.25mW 
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5.4 Comparison and comments 
The electrical performances of our three prototypes are summarized in Figure 
5.14. A first comment could be that they all have competitive values of internal 
resistance. The concept of Membrane Electrode Assembly appears to be efficient on 
that point.  
 
Figure 5.14 Summary of the performance for the three versions of reactors 
Then the choice of the separator used is of prime importance. This component 
has to be resistant enough to stand for long time in presence of wastewater. The drop 
in the performance of the prototype α can be explained by the degradation of its cloth 
separator. Increasing its thickness could be considered though the separator has to 
allow ion transport as much as possible. By using a Reverse Osmosis membrane in our 
prototype β, we solved the problem of degradation, though the internal resistance was 
slightly increased to 40Ω. Despite that, the overall performance represented by the 
maximum power supplied was improved to 2.85mW thanks to a steady electromotive 
force around 0.7 V. The hydrophilic separator used in our prototype γ is even more 
restrictive than the others for ions transfer. As a proton selective membrane it allows 
only protons to go through it. In this case the ion transfer cannot concern other cations 
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as the electromotive force is not improved to a decrease of power performance. The 
addition of current collectors at the anode and the cathode of this version did not help 
to reduce the internal resistance. This showed us that the material’s electric resistivity 
of the electrodes does not count for much in the overall internal resistance. The 
limiting factor is elsewhere. In order to know if it was coming from oxygen supply, at 
several stages, experiments were conducted to actively pump air into the cathode 
compartment. This could overcome any oxygen limitation. In fact, no significant 
impact on power generation was ever observed, suggesting that the cathode limitation 
must rather be due to limited proton diffusion from the anode to the cathode.  
5.5 Effect of cathodic acidification 
5.5.1 Difference between conventional and microbial fuel cells 
At a first glance the only difference between a conventional Chemical Fuel Cell and a 
microbial one is the anode. While physicochemical reactions occur at chemical fuel 
cells, MFCs anodes are alive and rely on microbial metabolism. By looking more in 
detail at the mechanisms occurring in both kind of fuel cells, another important 
difference appears. The experimental conditions at the cathode are really different in 
those two kinds of technology (Barbir 2005). 
In a microbial fuel cell, temperature is ambient and pH about neutral to allow bacterial 
growth at the anode. At the cathode it is at best neutral due to proton consumption. 
On the other hand, in a convential hydrogen fuel cell the temperature is more than 
80°C and the cathode is kept under a pressure of 2 bars of oxygen and hydrogen. This 
allows conventional fuel cells to have a higher Electromotive Force than microbial 
ones but it is not their only advantage.  pH in the cation exchange membrane is around 
three. There are much more protons to contribute to the charge transfer between the 
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electrodes and this transfer can even be done more easily as proton conductivity 
dramatically increases with temperature (Barbir 2005). Kinetics are also much faster 
which helps to reduce their internal resistance.  
Proton availability and mobility seem to be of prime importance. They are definitely 
lacking in Microbial Fuel Cells. Bringing them directly to the cathode could be a way 
to improve the electrical performance of the system.  
5.5.2 Batch acidification 
5.5.2.1 Results 
The acidification of the cathodic compartment by pumping 500mL of solutions of 
Hydrochloric acid caused immediate increases of the power supply. Figure 5.15 
showcases the power response after the injection of solutions of different pH.  
 
Figure 5.15 Power response after batch acidification (Rext=40Ω) 
The improvement caused by the injections were not steady and it took from 20 min to 
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It should be noted that b
when pH decrease. Though at too low pH ( pH<1 ) the performance was reduced and 
dropped much faster than it used to do f
This first experiment has confirmed that cathodic acidification can be an option to 
improve the power generation of microbial fuel cells. Besides it has 
existence of an optimum pH.
5.5.2.2 Reason of the deterioration observed
Although maximum power and time taken to stabilize kept increasing at each 
acidification from pH=7.6 to pH=2, a deterioration of both parameters occurred after 
having pumped a solution at pH=1. 
Once the steady state reached, a sample of the
analyzed. On the contrary of the other outlets after each experiment which had pH 
around 8, this one was still quite acidic (pH=2). The protons had not been consumed 
by the cathodic reaction which was obviously perturbed 
Besides, the sample had a greenish color has it can be seen on 
Figure 5.16 Sample of cathodic outlet after acidification at pH=
An unwanted reaction had happened at the cathode. As it is made of stainless steel 
wrapped by platinum coated carbon cloth, in order 
failure testing of the resistance to hydrochloric acid of these materials was 
oth maximum power and time taken to stabilize are increased 
or higher pH.  
 
 at too low pH 
 
 cathodic outlet was collected and 
by such acidic conditions. 
Figure 
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Samples were dropped in solutions at pH=1. As it can be seen on 
two days the stainless got completely degraded and gave a greenish color to its 
solution whereas the other one was intact.  
Figure 5.17 Stainless steel and platinum coated carbon cloth after two days in a 
 
Stainless steel corrosion was responsible 
outlet. In fact under very acidic conditions, stainless steel can be corroded due to the 
following reaction : 
 
e½ + 2ýÃ'  e½Ã' +
 
FeCl2 crystallizes from water as a greenish tetrahydrate and is th
colored the sample. This redox reaction spoiled the mechanism happening at the 
cathode and is responsible 
cathodic acidification was performed at too low pH.
 
hydrochloric solution with pH=1 
for the green color observed in the cathodic 
 ý  
for the deterioration of performance observed when the 
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Figure 5.17, after 
 
(5.1) 
e compound that 
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5.5.3 Continuous acidification and polarization curves 
5.5.3.1 Effect on power 
In order to get a better understanding of the effect of cathodic acidification on the 
electrical performance polarization curves at different cathodic pH were conduced. As 
presented by Figure 5.18 the trend of increasing performance with increasing acidity 
was confirmed by the power curves. 
 
Figure 5.18 Power curves under continuous acidification at different pH 
Continuous cathodic acidification at pH=1.2 allowed multiplying the power supply by 
4.8 compared to the one obtained with tap water (Figure 5.19). In those conditions the 
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Figure 5.19 Maximum power under continuous acidification at different pH 
5.5.3.2 Effect on the electrical parameters 
A detailed study of the polarization curves showcased in Figure 5.20 could give clues 
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Figure 5.20 Polarization curves under continuous acidification at different pH 
By looking separately at the effect on the internal resistance and the electromotive 
force we noticed that the internal resistance decreases with the pH injected at the 
cathode (Figure 5.21). The comparison with the buffers 1 and 2 which ionic strengths 
are respectively 10-2M and 10-4M shows us that this is not due to the simple presence 
of ions but really to that of protons. This effect on internal resistance is really 
important. It brings a reactor having a good internal resistance (around 60Ω) to values 
closed to the state of the art.  
The effect on the electromotive force is more complex. EMF first increases when pH 
decreases then it reaches an optimum between pH=3 and pH=2 and finally decreases 
again. That decrease of EMF at lower pH can be related to the corrosion reaction 
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potential of the cathode. That anodic reaction lowers it compare to the normal state 
where it is set by the reduction of oxygen. In the end the electromotive force of the cell 
is affected.  
 
Figure 5.21 Internal resistance and Electromotive force under continuous 
acidification at different pH 
That combined view helps understanding that globally cathodic acidification has a 
positive effect on the power generation of a MFC. Though at too low pH corrosion 
reactions on the cathode affects the performance. Even if acidifying at pH=1.2 gave 
the maximum power supply it is not sustainable. Long term exposure of the electrode 
to very acidic conditions may damage it and also reduce the overall performance.  An 
optimum pH exists and should be considered for further applications. In the case of the 
reactor presented here pH=2 appears to be a good compromise. It is EMF does not 
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monitoring the pH of the cathodic outlet pumping at pH=2 appears to allow 
recirculation (Figure 5.22 ) 
 


































Chapter 6 : Conclusion 
 
In this study, we disclose a laboratory-scale microbial fuel cell of around 3 L that 
makes use of a Membrane Electrode Assembly to treat and generate electricity from 
domestic wastewater. The performances are summarized in Figure 6.1. 
 
Figure 6.1 Summary of the overall performances 
Through various improvements in design and operating conditions, we were able to 
raise the power generated by the MEA-MFC from 1.1 mW in version α to 2.85 mW in 
version β and finally 5.7 mW in version γ with an acidified cathode at pH=2. These 
values remain at levels that are too low for practical applications of MFCs; however 
the rise of power by from version α to γ shows the importance of factors such as the 
choice of an adequate separator in MEA systems. 
This component has to be resistant enough to stand for long time in presence of 
wastewater. Even if it lowers the internal resistance, a simple cloth may not be suitable 
(version α). A reverse osmosis membrane (version β) features a higher internal 
resistance but allows to prevent electrode shortcircuiting and in the end lead to 
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prevention of electrode shortcircuiting appears to be a key issue for MEA-MFC. A 
proton selective separator (version γ) is even more restrictive than the others for ions 
transfer. Though it offers the possibility to acidify the cathodic compartment. 
Controlled cathodic acidification improves greatly the performance of MEA-MFC. It 
can be an easy way to improve power generation by overcoming the issue of proton 
transfer. Besides the proton selective separator used in this study (Selemion) is much 
more affordable than some Proton Exchange Membranes such as Nafion. This 
contributes to position this material as a good candidate for MEA-MFC separator and 
give to cathodic acidification an opportunity to give a new momentum to MFC 
technology. 
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